The cytochrome £ multigene family of rat contains approximately 30 processed pseudogenes that represent genomic DNA copies of three alternate mRNAs. Here, the DNA sequence of an unusual processed pseudogene reveals that it has a complete 3' noncoding region including a short poly A tail but unlike the others is abruptly truncated at its 5' end, 19 amino acid codons from the translation terminator. At this position the pseudogene is fused through 17 consecutive adenylic acid residues to a 1.3 kb repetitive sequence. This repetitive element is flanked by direct repeats and represents a truncated member from a major long interspersed repeat family. The rat element is a composite of sequences observed in long interspersed repeats from both rodents and primates. Comparison to the equivalent mouse sequences shows that the 5' half of the repeat distal to the pseudogene has an open reading frame and is highly conserved whereas the half adjacent to the pseudogene is evolutionarily unstable. The proportion of cytochrome £ pseudogene recombinant clones containing this repetitive DNA is 3 fold greater than observed in random isolates and may reflect a qeneral tendency of processed pseudogenes to associate with other repetitive sequences in the genome.
INTRODUCTION
The cytochrome £ multigene family of rat is unusual because nearly all of the approximately 30 members are processed pseudogenes derived from the mRNA transcripts of a single intron-containing parent gene (1,2). Multiple genomic copies are similarly observed in eight other mammalian genomes (3) and several processed genes are now isolated from human and mouse libraries (unpublished data). These genes may therefore be considered as a repetitive sequence family whose members arise through RNA intermediates. In this respect they resemble interspersed repetitive sequences whose formation and dispersal is also thought to involve genomic integration of DNA copied from RNA transcripts (4). Both processed genes (1,5-11) and repetitive sequences (12,13) end in oligo dA tracts reminiscent of the poly A tails of mRNA and are usually flanked by direct repeats characteristic of a transposition-like integration.
Some interspersed repeat family members from both rodents and primates are estimated to have lengths of over 5 kilobases (for review see 14). However, terminal portions of these large elements can exist as smaller units of approximately a kilobase or less in length and may be independently dispersed throughout the genome. In mouse, the terminal end of some long BamHI repeats can exist as short R elements (13) or as R elements linked to an adjacent Bam5 sequence (15). A truncated and rearranged version of the terminal region from a primate Kpnl family sequence designated KpnI-RET is 829bp long and is integrated in satellite DNA (16).
While investigating a family of cytochrone c_ processed genes in rat, an unusual truncated member was isolated. Here, this pseudogene is shown to be fused through an oligo dA tract to a similarly truncated 1.3kb repetitive sequence. The repeat is homologous to sequences found in both mouse BamHI (17,18) and primate Kp_n_I long interspersed repeats (19). Comparison to equivalent sequences from mouse reveals that approximately one half of the element has a long open reading frame and is highly conserved in evolution whereas the other half adjacent to the pseudogene accumulates numerous insertions, deletions and base substitutions. These results indicate that distinct regions within the same element are subject to very different selective constraints.
MATERIALS AND METHODS
Recombinant clones were isolated from a genomic library constructed using partially digested EcoRI fragments from a Sprague-Dawley rat and cloned into the Charon 4A phage vector(20). Screening was carried out in 0.97 M Na+ and 50% formamide at 50° with a 538bp BamH I -Acc_I coding region fragment from pRC4 as a probe (21). In all procedures phages were propagated using Escherichia coli DP50 sup F (22) and techniques for plating, purification of phage and bulk preparation of phage DNA performed as before (21). For detailed mapping and sequencing, gene-containing restriction fragments from recombinant Ch4A-RC12 were subcloned into plasmid vector pBR322 (23) and plasmid DNA prepared according to the alkaline extraction procedure (24).
Total rat DNA for genomic blotting experiments was isolated from the liver of a single Sprague-Dawley rat as described (25) and subjected to restriction enzyme and hybridization analyses.
Restriction enzymes were purchased from either New England Biolabs or Bethesda Research Laboratories and utilized according to their recommended assay procedures. Restriction fragments from digested phage or genomic DNAs were resolved by electrophoresis on a 1% agarose gel (electrode buffer: 40mM Tris. 20mM sodium acetate. 2mM EOTA. pH 7.8) and comoared to standards of known size. Following transfer of DNA to nitrocellulose, hybridization was performed in 5 x SSC. 50% formamide, 0.2% SDS, 1 x Denhardt's solution (26), 100'jg/ml of sonicated, denatured calf thymus DNA and probe, 3-5 x 10 5 cpm per filter for 30 to 48 hrs at 40°. Filters were washed twice for 30 min in 5 x SSC, 50% formamide, 0.2% SDS and 4 times in 2 x SSC, 0.2% SDS at 40° and exposed to X-ray film (Kodak, XAR-5).
DNA sequences were determined by the chemical base modification and cleavage procedure (27) The majority of sequences presented were determined using restriction fragments single end-labeled at their 5' ends with h -32 P] ATP (3000 Ci/mmole; New England Nuclear) and T4 polynucleotide kinase, but occasionally fragments 3' end-labeled with O -32 P] dNTP (3000 Ci/mtnole; New England Nuclear) and DNA polymerase I (Boehringer Mannheim)
were utilized. After second enzyme digestion or separation of strands, fragments were purified on polyacrylamide gels and subjected to the sequencing chemistry. Nucleotides 3 to 50 from the labeled end were resolved on a thin 20% acrylamide-8M urea gel while nucleotides 30 to 350 were determined from 2 loadings of an 80 cm long 6% acrylamide-8M urea gel.
RESULTS

Structure of a Truncated Processed Gene and its Association with Repeti-
tive DNA Recent studies demonstrate that the majority of cytochrome c^ -specific sequences in the rat genome are processed genes representing *ull-length DNA copies of an 1100 nucleotide mRNA. This PIRNA is one of three transcribed from a single intron-containing parent gene (1,2). While investigating the DNA sequence of a collection of recent cytochrome c_ gene isolates an unusual processed pseudogene was found whose 3' noncoding region including pseudopoly A tail is essentially identical to other genomic copies of the 1100 nucleotide mRNA but whose coding region abruptly ends 19 amino acid codons from the translation terminator. The rest of the gene is not present on the recombinant phage Ch4A-RC12 which includes about 7 kilobases upstream and 3 kilobases of DNA downstream from the gene boundaries. Immediately upstream from the site of sequence divergence from RC4 at the 5'end an A-rich region comprising a stretch of 17 concecutive adenylic acid residues is observed which resembles the putative pseudopoly A tails found in processed pseudogenes (1,5-11) and certain repetitive sequences (12,13). To investigate whether a repetitive element resides in this upstream region, a 190bp AvaJI restriction fragment adjacent to the A-rich sequence (see Figure 3 ) was used as a hybridization probe in genomic blotting experiments. An intense smear of hybridization is observed (not shown) and supports the conclusion that the truncated pseudogene is closely associated with some form of reiterated sequence.
Sequence of the RC12 Repeat and Comparison to Homologous Elements from Mouse
The structure of the repetitive sequence from RC12 is examined by restriction mapping and DNA sequencing and compared to rodent elements of known sequence. A computer search reveals extensive homologies with portions of long interspersed repeats from mouse designated as R (13) One potential explanation for the association of processed pseudogenes and long interspersed repeats is that they integrate at similar target sequences. A comparison of the DNA flanking the seven processed cytochrome £ pseudogenes and the RC12 repeat ( Figure 5) shows no strong homologies common to all of the putative target sites. In all cases however, the DNA adjacent to the target site duplication is A and T rich (60 to 75% A + T) and the majority also have short direct repeats flanking the original duplicated sequence. These characteristics are also observed in the DNA flanking R-elements which are dispersed throughout the mouse genome (13). No conservation of sequence or length is apparent in the short direct repeats at the pseudogene boundaries.
DISCUSSION
In this work the structure of an unusual cytochrome c_ processed pseudogene and its association with a member from a major long interspersed repeat family is described. The linkage of these two within the rat genome is intriguing because they each represent truncated members of their respective repeat families. In addition, they each have flanking direct repeats and short poly A tails characteristic of a growing list of sequences thought to arise from RNA transcripts and to integrate through a transposition-like mechanism. This repetitive sequence of rat differs from Bam5-R elements of mouse (15) by having an additional 274bp of the rat equivalent of E24, an independently described mouse repeat (19). It also differs from KpnI-RET (16) a truncated element from the primate Kjml family which has portions of its sequence deleted and rearranged relative to longer members from the same family. Comparison of the RC12 truncated repeat to an independently isolated longer version reveals 97% sequence homology and no such deletions or rearrangements.
While this work was in progress, a region from the BamHI family of mouse designated LlMd-4 was reported to contain a long open reading frame, (984bp) and to evolve as a protein encoding sequence (18). This sequence contains the earlier described E24 (19) and Bam5 (17) sequences but continues further upstream in longer elements. Here it is found to be homologous to the region of the RC12 repeat that is highly conserved between rat and mouse. As already documented for various mouse species (18) the equivalence of replacement and silent changes observed here between rat and mouse, despite the predominance of replacement sites, is also consistent with a possible protein encoding function for this region. The existence of this putative protein remains to be established. Nevertheless, the 3' half of the RC12 repeat adjacent to the pseudogene contrasts sharply with the 5' half by having many short insertions and deletions relative to the mouse sequences suggesting that very different selective constraints operate on these regions. Both Bam5-R elements of mouse (15) and the present RC12 rat element begin at different positions within the region comprising the open reading frame. If RNA intermediates are involved in the propagation and dispersal of these truncated elements, they may be integrated DNA copies of RNA transcripts initiated from different positions within a longer repeat. They may also be the products of incomplete reverse transcripts of longer sequences. The existence of the truncated cytochrome £ pseudogene of RC12 suggests that incomplete reverse transcripts may be integrated since it seems unlikely that the pseudogene is the product of aberrant transcription initiation. Failure to detect the remainder of the pseudogene in at least 6kb upstream from the 5' end of the repetitive sequence argues against a simple integration of the truncated repeat into a complete processed gene. It is possible that the observed structure is the product of multiple integration or recombination events. The absence of direct repeats flanking the entire region containing both the repeat and processed pseudogene indicates that the entire fused structure probably did not integrate as a unit.
Because so little is known about the interactions and functions of repetitive sequences, it is not clear whether the association between the pseudogene and the reiterated sequence in RC12 has functional or evolutionary significance. The compositional and structural similarities between the DNA flanking the processed cytochrome £ pseudogenes and that surrounding other dispersed elements (13) are subtle but nevertheless intriguing. One possibility is that repetitive sequences may facilitate the dispersion of all or part of the genetic information in processed pseudogenes thereby increasing the chances of desireable interactions between otherwise nonfunctional units. We find that the distribution of the RC12 repeat homologies among the cytochrome c_ pseudogene recombinant clones is several fold greater than found in a random collection of phages from the same genomic library. Thus it appears that these two types of sequence element have a tendency to associate with one another in the rat genome. 
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